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A ●ms of iazuut ia auclur rsacwr safety studla is ttm ?matwt lC~i
accldsatia which ● S- d~aurixatioa of ● p-urlzod water reacmr
(ml) occurs through *Q rupturs of ● vater t~et supply pipe. As ● resulx C<
such ● hypothetical dapraaurla zloa the coohat water Ss tlm zesctorcore
would flmh CO S:- ●d fhw twur~ t!m bmksm I&et he. > xhe ardibdy
mat of ● 10ss of c-hat ●ccl$aat ef tMs typ9. ● emSrWZ3CTwat~r swpply 1s
faj ectu!l throu* tho iatut Lalet 1- :ato tba d~, uh%ek 2s the ●rmular
rs$ioa b~~ the r~tor eorc ●md the outer vusel WSU. >.e ●ffect%ve!aas
of the aur~sncy cor~ coolaatde upoa the ~t chat reuhs tlm :Ower
pia of the ~tor; any cm&at t3at is wmralaod by the rislag st- fbu
sad carried out tho broku ~’~ wffl be hat CO t!m s=stm.

Ia thfa stady V* ~as the turbuimt ~ of the ii~a ●riagas p-bases
la thla ~r r~ag ad the raultSa8 u, ~tm mid heat traasfer
botwua the #mSU aad tho COSdi~ Wu . Sdutioaa ●re ebtafad through the

use of tho K-H? a~rlcal mathod [1] for cdcuht* the trzm;erit dynadcs of
two laterpomtrat* fluids ti~ ● t f as subsoaic s~s. ‘A*S ●nd 80msri:’=
aqutloas for tha liquid aad the ss.s ●nd a t~rature ●quation f cr the 2:quis

●re solvod * this nmzical procodure. Ihe ~as ia 81v8ys ●ss- to be ●t

saturationtmmperatur*. The capabtltty ●xists for sddividhg the gas phase

iato two coqotimts, st~ ●ad ●ir, in order to ●ccowat far the possible iztro-
duct20aof ●ir to tam ●ystm gf tba d~ r pmsure falls below tiiant.

Ihe nwrical nthod ;S vwuisd by ● capax isoa of calculated results
with aapgrktal geuw~ata in scale ~delu of axistiag R3’s for ● varietv
of water iajectlon ratm ●ad .*coollags, st~ flow and pressure r- rates
sad wall supwh-t . the mmarieal *thod is 81w used to talculate flow at

scalu larg~r thaa axlat~ oxpa?btal models ●ad ●t full scale. These 8CAZ-
~ studim have ● thrcafeld purpoac: to provide@Iid8tiCQ far -t ~:c8asiaR,
to ●id in the iatarpr8tat$oa of s-l scale ~rl&nts, ●nd to help ●ssess the

lmtaatial uaafulmas of propomd lute scab uperktal facllltles.



(1)

The s~cripts 1 ●nd 2 refer to water
tlon.: is Velecity,s is 8icrwcopic
per ddt xime dzam@mg phasa and S is
emterx or Iuvlaq tk systm.

The stasm :s aammad to be ●lways ●t the saturation temperature, T%.
Accordiz@y. tim pham chmm~ model is vFAtmm

●d s8s, res~tivaly; 3 is volume f r8c-
demsity, J is the mass per unit volume
:Im volume par unit vdma par unit time

J - ‘t ‘eff
(Tl - T~) /T% .

biere 7 is teqmrature mad

(3)

(4)

Here Q is the fractionof the gas volume that is stasm, the remainder being
●ir. The form for .eff raflectsthe fact that ●vaporation can take place in

t!m ●bseuce of steam (them belmg ●n ●bumdamce of nucleation situ in this tur-
bulently ai.xedflow) , but that compensation requires the movemsnt of cool water
:C the phase transition iaterfaca where watar and steam ●x.lst in equilibrium.
Condensation then takea place to the ●xtent allowed by the release of latent
heat and the consequent heat~xq of the watu. We ●ssume that the gas compo-
nents ●re sufficiently well mixed throu~ turbulence that the ●vailable steam
can come into contact with the water.

me coofftcient JL ixa Eq. (3) is ● negative constant in the calculations

reported here, but ●n ●nticipated extension is to relate J. to the magnitude of
the local turbulant rnlxl~ rate. L

Air can ●nter the systa through the broken water supply pipe If th~ prQs-
sure in the downcomer drops below the ●xternal ptessure ●s ● result of conden-
sation in the downcomer. This air is then convected throughout the downcomer
and lower plen~ wlttithe 8ss velocity. Its presence can ●ffect condematlon
locally by occupying voluae that would othsrwise be occupied by steam. How-
●ver, in the highli.aixed, turbulent flow that we ●re considering, it is ●s-
sumed that the air does not obstruct the contact surface be-een steam and
warer.



The xnmtaa equations for this tin-phase flow ●re written

vhere p La
matic ●ddy

the pressure, ~ is tha gravitational acceleration, W7 is the kine-
viscosity eoefficlemt ●md

I
+lfor J>O

sign J =

-l for J<O .

The momentum exchanse functionK has the form

Km: (rl + r2)2
(cD’~~2’2)(r~~:E~12) $ . ‘7)

where r is entity size and ~ is the drag coefficient. If $2 < 0.1, K is set

to a large value with the ●f;ect that the gas then moves with the liquid. With
this provision the h formulation in Eq. (7) rwiuces to the appropriate limits
for small ~1 and small 92, and is intended to be appropriate for Intermediate

values. This momentum exchan8e function was proposed by Harlow and Ameden [2]
on the basis of ●vailablo momentum arguments. It kas previously been applied
in comparisons with countercurrent air-water experiments [31. A discussion of
the choice of entity size la presented in the following section.

only

Here

With the assumption that the steam is ●lways ●t saturation temperature,
● transport ●quation for water t~perature is required,

(8)

Q is the specific latent heat of vaporization, b, is the specific heat of
A

the water, z is the nuabsr of walls ●djacent to the water, kw is the thermal

conductivity of the wall, Tdw is the deep interior wall temperature, s is the

downcomer gap width ●nd y measures the depth uf penetration of a heating er
cooling wave into the wall. We ●ssume in Eq. (8) that the wall ed8e is at sat-
uration temperature when water Is adjacent to the wall. The presence of the
downcomar gap width, s, in the denominator of the heat flux term in Eq. (8) en-
sures th~t the ●ffect of wall heat flux is diminished ●s the system scale size
is increased.

An ●quation for the depth of penetration, y, is obtained by assuming that
● solution to the wall hut diffusion ●quation,



(9)

can b= expressed in t er8s of the s Imilarity f unctton,

q= ,,(2 .-) .
Here, Tw Is the wall t~aratuxe, & is distance from the

the thermometric conductivity. The solution to Eq. (9),
pr%ate boundary conditions, Is

TW=T
dv

+ (T
[

- Tdw) 1 -\zT
s 1~ erf (n) .

(lo)

vail ed~e and Kw Zs

subject to the ●ppro-

(11)

We choose y to be that value of ~ at vhich Tw “ .9 T*+ .1 T~. This oc:urs

vhenn=l.Oory- 2#Kwt. From this ve obtain an equation for the time
a

variation of yL,

#=4K
w“

CHARACTERISTIC EXTITY SIZE

Some guidance regarding the variation of ●ntity
tained from empi?ical counter-current air-water flov

(12)

size vith scale can be ob-
correlations and the bal-

ance of forces concepts upon vhich they are based. At equilibrium, the balance
between buoyancy and drag forces acting over a single spherical drop can be
written,

where r is the drop radius. If the average drop veloci~-yis zero, the dimen-
sionful quantities can be grouped to give

0, u
2

&.
-~ ‘

(13)

I;i ml - 92)

where :2 is the minimum gas velocity required to prevent water penetration.

‘The Wallis [4] and Kutateladze [4] correlations for zero water penetration dif-
fer in the manner of modeling the droplet diameuer, 2r. Richter and Lovell [4]
found, when this entity size was assumed to scale in proportion to the pipe
size, that the left hand side of Eq. (13) remained approximately constant for
pipes with diameters less than tvo inches. This is the Wallis correlation.
However, this correlation breaks down at a lar8er pipes sizes, indicating a
limit to the importance of boundary effectson entity size.

t’orpipe sizes larger than 2 inches they found that the zero penetration
data coula best be correlated by using the Kutateladze correlation,

‘r”h%d’= O.11 in. for air+ater, (14)



whsrc u IS the surfacs tamalon coefficient. This form can be obtained by bal-
●nti.m$surface cemsion and dras forcu ●nd usins Eq. (13). Then

(15)

wimra We is the Uaber msaber for m isolated drop. Equations (L) and (15) are
equivalent wham CDWe = 0.67. In the numerical study we obtain the best agree-

memt with axperl.memt when
%

= 0.6, so that We = 1.1 is consistent with the

Kutatdadze ●ati’y size ●xpression. Indeed, in the numerical calculations we
have found thtt thQ use of a critical Weber number formulation for r, r = We x

U/~P2(Z1-:2)2], with We = 1.1, or the use of a constant value, r = 0.06 in. [in

Sood agreement with Eq. (14)], gives the best and essentially the same results.
Substituti~ Eq. (14) into Eq. (13), one can obtain the form of tae

Kutateladze correlation,

CfI:* I
b

[8 cm+ - 92)1”

Evaluating the right

()=8Wek

3cn “ (16)

hand side of Eq. (16) with the values used in the numeric-
al calculations 81ves a value of 1.5. In the Kutataladze correlation for
pipes the value of the right hand side of Eq. (16) is generally found to be ap-
proximately 3.0 [4]. This quantitative discrepancy is quite acceptable ic view
of the differences in geometry between calculation and ●xperiment as well as
the heuristic arguments leading to Eq. (16).

APPLICATION OF THE METHOD

A. Comparisons with 1/15 and 2/15-Scale Models of a PWR

The K-TIF code has bean used to calculate a series cf transiefit steam-water

flows [5] for comparison with specific experiments [6] performed by Creare,
Inc. in a l/15th scale model of a pressurized water reactor. A comparison of
the calculated and experimental measurements of the time delay and rate of de-
livery of water from the downcomer to the lower plenum showed a consistent
trend for a variety of water injection rates and subcoolings, steam flow and
pressure ramp rates ●nd wall superheat. In all sases the numerical calcula-
tion predicted a ehortar delay time for the onset oi water delivery to the
lower plenum thanwas measured in the ●xperiments.

The K-TIF wdel used in that comparison has since ~een extended by several
modifications (e.g., the inclus~on of an air compoi,antin the gas field and a
more local determination of the momentum exchange function, K) that tend to
prolong the delay time for water delivery. This extended version of K-TIF has
been used to simulate ● transient flow experiment performd in a 2/15 scale
model of a PWR by Battelle Col=bus Laboratories [7]. Figure 1 shows the com-
putation mesh used in that numerical calculation. For display purposes the
downcomet ●nnulus is pictured ●s unwrapped. In the calculations the flow is
resolved in the azimuthal (horizontal) and vertical directions, but flew vari-
●tionsacroes tha downcomer gap are not reeclved. The left and right bound-
aries of the mesh ●re connacted while the top is a free-slip boundary. The
bottom is a prescribed inflow boundary for the time-varying steam flow from the
lower plenum and a continuative outflow boundary for the water and the gas.
The deep lower plenum used in the experiment is not resolved in the calcula-
tions.
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1. Computation mesh and boundary conditions used in flow comparison with
2/15 scale experiment by Bat:elle Columbus Laboratories. The cells
labeled I near the top of the mesh represent intact inlet pipes for
coolant water. The cell labeled B represents a broken inlet pipe.
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2* The transient steam flow (---) and lower plenum pressure (- —-) meas-
sured by Battelle Columbus Laboratories in a 2/15 scale model experi-
ment, representing a hypothetical loss of coolant accident in a PWR.
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Emergency core coolant enters the downcomer t\rough the three intact cold
water injection p~rts, labeled I, near the top of the mesh. Water and gas
[steam and air) can leave the downcomer through the broken cold water pipe,
labeled B. However, if the pressure in the downcomer falls below ambient as a
result of condensation, so that there is flow into the downcomer through the
broken leg, then the fluid flowing into the system is air. The two cross-
hatched mesh cells nuar the top of the mesh simulate hot water pipes connecting
the reactor core with the extermal power generating equipment. These are
treated as obstacles in the numerical calculation.

In the Battelle experiment, 168°F (93”K) subcooled water is injected at
the rate of 407 gallons (1S41 liters) per minute through the three intact cold
legs. The time-varying steam flow and lower plenum pressure are shown in Fig.
2. The core barrel and vessel walls are at the initial saturation temperature,
303°F (424°K).

The r .mericalcalculation of this experiment makes use of a computation
grid of square cslls, 6.05 inches cm a side, with 12 cells in the horizontal
direction and 7 cells in the vertical direction. The water injection rate
corresponds to that of the experiment, but the steam flow ramp rate and the
pressure transient used in the calculation are smooth representations of the
curves shown in Fig. 2.

Figure 2 also shows a comparison of the measured and calculated lower
plenum filling curves as they vary in time. The experimental liquid level is
measured at discrete sensing positions, giving rise to a stair-step appearance
to the curve. The calculated liquid level is obtained by computing the total
volume of water crossing the bottom boundary of the downcomer and dividing by
the cross sectional area of the lower plenum. The two curves are in satisfac-
tory agreement re~arding the delay time for the onset of water delivery to the
lower plenum, and in good agreement regarding the rate of delivery.

B. Sensitivity to Apparatus Scale Size

A series of K-TIF calculations has been performed in order to investigate
the sensitivity of the flow dynamics at different apparatus scales to the water
and steam inflow boundary condition scaling. It should be emphasized that the
resuits to be presented here are preliminary and that much additional work re-
mains to be done before a full understanding of flow variations with apparatus
scaie is obtained. The tentative nature of the present results derives from
several considerations:

1. The lack of flow representation in the radial dir-ction, the conse-
quences of which could vary with sca.1.e.

2. Uncertainties regarding the constitutive relations. For ~xample, the
mass exchange function, Eq. (3),does not take Into account the turbulent na-
ture of the flow in the downcomer, which must have an important effect upon the
details of interphase mixing. The momentum exchange function, Eq. (7), is
revel and has not yet been sufficiently tested for simpler flow conditions.

3. While the flow model described here has been shown to give results
that are consistent with small scale experiments for many flow conditiorm [4],
quantitative agreement has not yet been demonstrated for a wide spectrum of
flow variations.

4. Some of the parameter variations considered in the following study
have not previously been tested in small scale comparisons.

With these reservations in mind, let us examine !he trends indicat~c?in
these numerical calculations regarding the effects of various inflow scaling
formulas on the similarity of flow development at 2/15, 1/2, and full scales.
We shall describe flow sfmilarf.tyat different scales accordin~ to two crite-
ria:



1. Agreement in the per cent of znjected water that has been delivered to
the lower plenum when the lower plenum is 90% full. This is an iw~ortant cri-
terion since it measures the effectiveness of the emergency core coolant supply
system at full scale. The ultimate usefulness of small scale experiments rests
on their ability to accurately predict the percentage.

2. Close similarity in fluid configuration at the onset of water delivery
to the lower plenum. It has been observed in these calculations that the dis-
tribution and dynamics of water flow dn the downcomer develops in three stages,
as illustrated in Fig. 3. In the initial stage the water that is injected into
the downcomer accumulates as single large entities, or ‘tglobs.” This water is
then entrained in the second stage by the upward directed steam flow and set In
a swirling motion in the region above the inlet legs. Because of a favorable
pressure gradient, part of this swirling water escapes from (bypasses) the sys-
tem through the broken inlet leg. In the final stage of flow development, suf-
ficient watei accumulates below the intact cold legs that momentum transfer
from the steam produces bypass from below the broken leg.

Depending on the inflow conditions, some flows may not proceed beyond the
first or the second stage of this development. For example, if the water in-
jection rate is smell the local overpressure resulting from the inflow will not
be large. Hence there will be little spreading of the water interface, so that
the area of contact between the phases will remain small and little momentum
transfer will take place unless the steam flow rate is large. The water will
then fall into the lower plenum as two isolated streams below the injection
legs. With somewhat more spreadina or increased steam flow the momentum trans-
fer may be sufficient to give ri=e . e swirling flow development. Delivery
to the lower plenum then occurs as a single, rapidly falling water stream. As
the momentum transfer is inc=eased even more, bypass may occur from below the
broken leg as indicated in Fig. 3. The increased contact area between the
phases results in increased momentum transfer through condensation and interra-
cial drag. Water delivery to the lower plenum is tlereby delayed.

The second criterion that we have used in defir,ingflow similarity is that
the flows must have reached the same stage of flow dwelopment before the onset
of water delivery to the lower plenum. me reasonableness of this criterion
for flow similarity rests on the observation that tl-,etiming and nature of flow
delivery from the downcomer to the lower plenam vari~s greatly depending upon
the stage of flow dev~;lopmentthat has been reached. Therefore, if small scale
experiments are to be an accurate representation of full scale events, it would
appear to be important that the two flows have reached the same stk~e of flow
development prior to delivery to the lower plenum.

Calculations were performed at 2/15, 1/2, and full scales using the calcu-
lation mesh shown in Fig. 4. In these calculations the lower plenum is explic-
itly resolved as a linear ext,:nsionof the downcomer with the appropriate vol-
ume. Boundary conditions are identical to those described for Fig. 1, except
that steam is now injected throughout the entire lower plenum rather than being
prescribed at the boundary between the downcomer and the lower plenum, and the
bottom boundary condition now represents a free-slip rigid wall.

The lower plenuu pressure, which is used to determine the gas density and
saturation temperature, was ramped from 175 psia to 60 psia in 10 seconds and
then held constant in all calculations. The steam injection velocity, which
corresponds to the volume rate of flow into Lt;edowncomer d:vided by its cross
sectflonalarea, is linearly rampled from an i:li:ialvalue to zero in 10 sec-
onds. The water injection velocity, determiccd from.the volume rate of flow
through three inlet legs divided by the cross sec~irflalarea of the downcomer,
is a specified constant throughout any calculation.

Figures 5-8 show plots of water delivered to the lover plenum and bypassed
through the broken leg as percentages of the total water injected up to that
+~-- G-T.7..5vim*.e +.,-or? -C d-~1-w., LA,,-.4BWW ennt--fF4esf-inn l%. vnmtlte =hawn at
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3. Water volume flow plots showing three stages in flow development prior
to the onset of water delivery to the lower plenum. Top. The injected
water accumulates below the inlet legs. Middle. As a result of momen-
tum transfer from the steam, the wate: is set in a swirling motion in
the region above the inlet legs. Bottom. Additional mcmentum transfer
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Fig. 4. Computation mesh and boundary conditions used in the transient flow
comparisons at 2/15, 1/2, and full scales. In these calculations steam
was injected throughout those parts of the lower plenum that were not
occupied by water.

full scale are from the same calculation in all four plots. The water and
steam inflow specificatio~ used in that calculation are obtained from a system
calculation of a hypothetical loss of coolant accident in a full scaie reactor.

llnepurpose of these comparisons is to determine which type of inflow
specification results in small scale results that are similar to full scale in
the sense described above, i.e., that have the same per cent of injected water
delivered to the lower plenum when the lower plenum is 90% full, and that have
reached the same stage of flow development. The latter criterion is satisfied
in all cases except Fig. 6, for which the water and steam inflow velocities are
proportional to scale. In that case the 2/15 scale calculation did not develop
beyond the first stage of flow development, while the 1/2 scale calculation
reached the second stage of development and the full scale calculation reached
the third stage.

The firs; criterion for sfsnilarityof flow at different scales seems to be
best satisfied in Fig. 8, in which the inflow velocity of the water is propor-
tional co scale and the inflow velocity of the steam is the same at all scales.
Thus at this stage of the numerical scaling study this appears to be the best
type of boundary specification.

The results in Figs. 5-8 can be explained in terms of the effect that the
various inflow velocity s~ectfications have on the area of contact and the rel-
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the broken leg (dashed lines) as a percentage of water injected up to
that time when the inflow velocities of water and steam are proportion-
al to the square root of the scale. Results are shown for 2/15, 1/2,
and full scale calculations.
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and the inflow velocity of steam is constant with scale. Results are
shown for 2/15, 1/2, and full scale calculations.



~- * ~Of C~St be~ the fluids is influenced to a great ax-
teat by the ~t of sp~ of the infl~ waters ●d this spreading is
in turm ralated to the local ovarprwwa resulting from the volumetric source
of water im that mash cell. For an in~reasible fluid the pressure change in
● control Vol- is pro~rtlonal to the input rate of volume per unit volume
parurdt t-. If the Mow velocity of thevatar Is proportional to scale,
then the overprasaure, tha spraadlng and the contact interracialarea will also
be proportional to scale. Ubem the comtact interface is proportional to scale,
the ●rea availAle for aasa awd ~M trams far thro~h condensation and
fluid ~ will also be propozxiomal to scale.

It Ie also ~ruamt that the relativevelocitybeween the phases be the
Q ●t all scales in order that the ~ttm tranefer scale appropriateely.
The relative velocl~ within the down-r Is determined from the difference
be~ the inflowvelocitiesof water ●nd st-. However, since the inflow
valoclty of the steam is many tiras that of the water, the relative velocity of
flowwithl,mthe dmmcomarisp ~y determinedby the inflow velocity of the
St-.

Thus, similarity of flow ●t all scales requires that the inflow velocity
of ~~e water b~ p~~~~ to s-e -d the infl~ velocity of the Steam be

the same ●t all scales. These are the co~ditions that exlst for the three csl-
culatloms of F*. 8, and these results sh- a greater similarity of flow at
differe.ntscale than thoseof H=. 5-7.
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